Objectives: 4E-BP1 is a family member of eIF4E binding proteins (4E-BPs) which act as the suppressors of cap-dependent translation of RNA via competitively associating with cap-bound eIF4E. RNA translation regulation is an important manner to control the cellular responses to a series of stress conditions such as ionizing radiation (IR)-induced DNA damage response and cell cycle controlling. This study aimed to determine the mechanism of 4E-BP1 stabilization and its potential downstream target(s) in the response to IR. Methods: PI3Ks kinase inhibitors were used to determine the signaling control of 4E-BP1 phosphorylation and protein stability. shRNA strategy was employed to silence the expression of 4E-BP1 in HeLa and HepG2 cells, and determine its effect on the irradiation-induced CHK2 phosphorylation. The protein degradation/stability was investigated by western blotting on the condition of blocking novel protein synthesis by cycloheximide (CHX). Results: The phosphorylation of 4E-BP1 at Thr37/46 was significantly increased in both HepG2 and HeLa cells by ionizing radiation. Depression of 4E-BP1 by shRNA strategy resulted in an incomplete G2 arrest at the early stage of 2 hours post-irradiation, as well as a higher accumulation of mitotic cells at 10 and 12 hours post-irradiation as compared to the control cells. Consistently, the CHK2 phosphorylation at Thr68 induced by IR was also attenuated by silencing 4E-BP1 expression. Both PI3K and DNA-PKcs kinase inhibitors significantly decreased the protein level of 4E-BP1, which was associated with the accelerated degradation mediated by ubiquitination-proteasome pathway. Conclusion: PI3K kinase activity is necessary for maintaining 4E-BP1 stability. Our results also suggest 4E-BP1 a novel biological role of regulating cell cycle G2 checkpoint in responding to IR stress in association with controlling CHK2 phosphorylation.
Introduction
The mRNA translation is strictly regulated in various normal physiological processes and stress conditions to maintain cellular homeostasis [1] . Cap-dependent mRNA translation is a master mode for protein synthesis in eukaryotic cells. Typically, the rate of cap-dependent mRNA translation is primarily determined by the formation of eukaryotic translation initiation factor 4F (eIF4F) at the origin step, which
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International Publisher recruits a ribosome onto the 7-methyl-guanosine (m 7 GTP) 5'-cap of an mRNA [2] . The eIF4F complex consists of 3 core members: eIF4G, eIF4A and eIF3, and its assembly on 5' cap of mRNA relies on the binding of scaffold factor-eIF4G with eIF4E [2] . A family of proteins termed as eIF4E binding proteins (4E-BPs) acts as suppressors of cap-dependent translation via competitively associating with cap-bound eIF4E [3] . Among them, 4E-BP1 is the most thoroughly characterized and is generally accepted as one of the principle downstream targets of mTOR signaling [4] . The hyperphosphorylated 4E-BP1 mediating by mTOR loses its affinity with eIF4E and therefore facilitates cap-dependent translation initiation [5] . Due to its pivotal role in mRNA translation inhibition, 4E-BP1 is widely recognized as a growth suppressor in mammalian cells. However, overexpression of 4E-BP1 is identified in various human cancers, and has been associated with poor prognosis in several cases [6] [7] [8] . Our and collaborators' recent study indicates that a prostate-specific PC-1/PrLZ protein binds directly with 4E-BP1 and the PC-1/PrLZ-4E-BP1 interaction blocks ubiquitin/proteasome pathway (UPP) mediated 4E-BP1 degradation [9] . 4E-BP1 up-regulation is also associated with increased expression of PC-1/PrLZ in patients' prostate tumor tissues [9] . The precise molecular mechanism of 4E-BP1 protein stability regulation and its important significance in tumor progression is still obscure.
The protein synthesis is tightly controlled throughout the cell cycle progression [10, 11] . Cap-dependent translation initiation has been reported decreased during mitosis in comparison with interphase [11] . Wilker and colleagues revealed that cap-dependent translation is markedly inhibited by tumor suppressor 14-3-3δ when cells enter mitosis [12] . However, accumulating evidences show that a hyperphosphorylated 4E-BP1 exists in mitotic cells and some mitotic specific kinases, such as CDK1 and Plk1 are responsible for 4E-BP1 phosphorylation [13] [14] [15] [16] . Chang's group identified a noncanonical CDK1-mediated phosphorylation site of 4E-BP1 at its Ser83. Mutation of this site has no impact on cap-dependent translation but at least partially restore the viral protein-induced cell transformation, suggesting an uncovered translation-independent role of 4E-BP1 in mitosis [14] . In accord with this report, the phosphorylated 4E-BP1 seems to associate with mitotic progression regulation, and loss of 4E-BP1 disrupts mitotic spindle structure seriously and leads to chromosomal DNA misaligned [16] .
In addition to normal cell cycle progression, several studies also revealed the selective regulation of protein translation in response to a variety of stress condition, including irradiation (IR) exposure [17] . EIF4E has been identified as a potent target of radiotherapy for tumor cells [18] . Interestingly, Dubois and colleagues also demonstrated that 4E-BP1 is a logical target to improve radiosensitivity of glioblastoma engraft tumors via decreasing hypoxia tolerance of tumors tissues [19] . Braunstein et al. found that IR increases protein synthesis early after IR treatment and subsequently inhibits mRNA translation at late time points post IR exposure. Both of these effects rely on the assembly of MRN (Mre11-Rad50-Nbs1) complex and the function of DNA damage response kinase-ATM. At late time following IR, UPP-mediated degradation of 4E-BP1 is inhibited, which consequently promotes the sequestration of eIF4E and blocks cap-dependent protein synthesis [20] . The cell cycle checkpoint is an essential response induced by IR and provides adequate time to repair the damaged DNA before cells entering mitosis [21] . Based on the reports that 4E-BP1 participates in both cell cycle and DNA damage response regulation, we ask the question whether 4E-BP1 will involve in IR-induced cell cycle checkpoint regulation. Our present study shows that increased 4E-BP1 phosphorylation presents in IR-induced G2 phase arrest. Loss of 4E-BP1 decreases the IR-induced phosphorylation of check-point protein Chk2 and thereby attenuates G2 checkpoint maintenance. Interestingly, our work suggests that PI3K and DNA-PKcs kinase activation could prolong the stability of 4E-BP1 through blocking its ubiquitination-mediated degradation.
Materials and Methods

Cells cultures and Irradiation
HeLa cells and HepG2 cells was maintained in DMEM (HyClone) supplemented with 10% fetal bovine serum (HyClone), 100 unites per ml of penicillin and 100 μg/ml of streptomycin in a humidified incubator at 37° C with 5% CO 2 . A 60 Co γ-rays source was used to irradiate the cells at the dose rate of 110.4 cGy/min at room temperature. After irradiation of 4 Gy, the cells were harvested either immediately or at an indicated time of post-irradiation culture, and then subjected to further cell cycle analysis and western blotting detection of proteins expression.
Antibodies and Chemicals
All the antibodies used in present study are commercially available: 4E-BP1 (53H11) polyclone antibody (#9644), phosphor-4E-BP1 (Thr37/46) antibody (#9459), Chk2 antibody and phosphor-Chk2(Thr68) antibody were purchased from Cell Signaling Technology (Danvers, MA, USA). Phosphor-H3 (Ser10p) was purchased from Bethyl Laboratories Inc (Montgomery, TX, USA). Ub (P4D1) antibody, HA antibody and β-actin antibody (C4) were purchased from Santa Cruz Biotechnology Inc (CA, USA). IgG (HRP labelled) second antibody was purchased from Beijing Zhongshan Biotechnology CO. LTD (Beijing, China). DNA-PKcs activity inhibitor NU7026 and cycloheximide (CHX) were purchased from Sigma (St. Louis, MO, USA). PI3K kinase inhibitor LY294002 and rapamycin were purchased form Cell Signaling Technology (Danvers, MA, USA).
Construction of vector expressing 4E-BP1 targeting shRNA and plasmids transfection
The pSico vector, which was obtained from Dr. Andrea Ventura in Jacks laboratory, MIT Center for Cancer Research, Cambridge, MA, USA, was used to construct 4E-BP1 specific shRNA expressing vector pSicoR-shR-4E-BP1. The 4E-BP1 shRNA targeting sequence is 5'-gtttgagatggacatttaa -3'. 4E-BP1 specific shRNA coding oligos was. According to the methodology of shRNA design, following 4E-BP1 shRNA coding oligos were synthesized, annealed and cloned into the position between HpaI and XhoI restriction endonuclease sites of pSicoR vectors. 4E-BP1 specific shRNA coding oligos: sense-strand as 5'-TGTTTGAGATGGACATTTAATTCAAGAGATTA AATGTCCATCTCAAACTTTTTTC-3';
antisensestrand as 3'-ACAAACTCTACCTGTAAATTAAGTTC TCTAATTTACAGGTAGAGTTTGAAAAAAGAGCT -5'. HepG2 cells were transfected with 4E-BP1 shRNA expressing vectors pSicoR-shR-4E-BP1 or control shRNA vectors using lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer's instructions. The transfected cells were harvested at given times for further experiments.
Cell growth analysis
1×10 4 cells per well were seeded in 24-well culture plates. The cell numbers from three wells were counted every day after plating for each group. Three independent experiments were performed, and the means were used to depict the growth curve.
Cell cycle and G2 arrest analyses
After 4 Gy γ-rays irradiation (IR), the cells were harvested either immediately or at the indicated times post-irradiation, and fixed with 75% ethanol. The cells were resuspended in PBS plus 0.1% saponin and 1µg/ml RNase A (Sigma), incubated for 20 min at 37°C, and stained with 25µg/ml propidium iodide (PI) (Sigma). The cell cycle distribution was evaluated by flow cytometry, counting more than 10,000 cells per sample. To analyze the radiation-induced G2 arrest, the mitotic cells were counted by flow cytometry detection of the marker protein phosphorylated histone H3 (Ser10) positive cells based on the immunofluorescence staining. The fixed cells were treated with 0.25% Triton X-100 in PBS for 15 min, stained with 10 µg/ml of FITC-conjugated phospho-histone H3 (Ser10) antibody for 1 h at room temperature in the dark, and then stained with propidium iodide (20 µg/ml). Cellular fluorescence was measured using a FACSCalibur flow cytometer (BD Pharmingen, USA). Two-dimensional dot plots were generated using ModFit LT software.
Western blotting analysis
The cells were harvested and washed twice in ice-cold phosphate buffered saline. Cell pellets were treated with lysis buffer (50 mmol/L Tris-HCL, pH 7.5, 1% Noridet P40, 0.5% Sodium deoxycholate, 150 mmol/L NaCl, 1 piece of protease inhibitor cocktail tablet in 50 ml solution), and the total protein was isolated. Protein (50 µg) was resolved on SDS/PAGE (8%), and then transferred onto the polyvinylidene fluoride (PVDF) membrane for western blotting detection.
Determination of 4E-BP1 protein stability and ubiquitination
The stock solution of PI3K kinase inhibitor LY294002 and DNA-PKcs activity inhibitor NU7026 (Sigma) was prepared in DMSO. HepG2 cells were co-treated with 10 µM ly294002 or 20 µM NU7026 with 100 µg/ml cycloheximide (CHX). After the treated for a given time, the cells harvested for western blotting analysis of 4E-BP1 protein level. For analysis of 4E-BP1 ubiquitination, HepG2 cells were transfected with HA-tagged 4E-BP1 vectors mediated by lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, USA). 24 h after the transfections, the cells were treated with 10 µM Ly294002 with or without the co-treatment of MG123 for 4 h. Cells lysates were immunoprecipitated (IP) using the anti-HA Affinity Matrix. The ubiquitination levels and the amount of HA-4E-BP1 protein in the IP product were detected by western blotting using the ubiquitin and HA antibodies.
Results
Ionizing radiation induced phosphorylation of 4E-BP1
Seven phosphorylation sites (Thr 37, Thr 46, Ser 65 Thr 70, Ser 83, Ser 101, Ser 112) have been identified in 4E-BP1 protein [22] . Among them, the phosphorylation of 4E-BP1 on Thr37 and Thr46 sites is recognized as a priming event to allow the subsequent phosphorylation of other sites [23] . We irradiated HepG2 cells with 4 Gy γ-ray and harvested cells at different times post treatment (0, 2, 4, 8, 12 and 24 hours). As shown in Figure 1A , phosphorylation of 4E-BP1 at its Thr37/46 was significantly increased after irradiation. Interestingly, we also observed a band shift of 4E-BP1 to the upper position of the electrophoretic gels, suggesting phosphorylation on other sites might be also triggered by IR ( Figure 1A) . The phosphorylation of 4E-BP1 at Thr37/46 was also induced by IR in HeLa cells ( Figure 1B) . The cell cycle distribution of HeLa cells at indicated times after IR was monitored by flow cytometry ( Figure 1B) . As shown in Figure 1B , the phosphorylation levels of 4E-BP1 is highly correlated with IR-induced G2/M arrest.
Loss of 4E-BP1 disrupted IR-induced G2 arrest and impairs G2 checkpoint related CHK2 activation
To further determine the role 4E-BP1 in IR-induced G2 checkpoint, we constructed stable 4E-BP1-depleted HeLa and HepG2 cells using specific 4E-BP1 shRNA strategy. The shRNA can efficiently inhibit expression of 4E-BP1 in both HepG2 cells ( Figure 2A ) and HeLa cells ( Figure 2C) . Consistent with its function in mitosis progression, Silencing of 4E-BP1 expression markedly suppressed the tumor cells growth (Figure 2B and D) .
Due to the association between the increased level of 4E-BP1 phosphorylation and IR-induced G2/M arrest, we speculated that 4E-BP1 might play an important role in DNA damage checkpoint of cell cycle. To verify the potent role of 4E-BP1 on IR-induced G2 arrest and mitotic blockage, 4E-BP1-deficient and control HeLa cells were expose to 4-Gy irradiation and then analyzed the mitotic cells population by flow cytometry after staining with an antibody against phospho-H3/Ser10, which is widely accepted as a molecular marker of mitotic cells. As shown in Figure 3A The G2 checkpoint is in the late G2 phase and provides adequate time to repair the damage DNA [21] . The activation of checkpoint kinase 2 (CHK2) plays the dominant role in DNA damage induced G2 checkpoint through phosphorylating a series of downstream targets, including Cdc25C and p53 [24] . Our previous studies also proved that CHK2 was activated during normal mitosis progression. Activation CHK2 relies on its phosphorylation at Thr68 site by ATM and DNA-PKcs, respectively in G2 arrest and mitotic phase [24] [25] [26] [27] [28] . As shown in Figure  3D , the phosphorylation of CHK2 at T68 increased significantly 2 hours after irradiation and reach the peak 4 hours following IR in control HeLa cells, when the cells exhibits most tight G2 arrest based on the flow cytometry data. The phosphorylated form of CHK2 reduced 8 hours after IR accompanied by the releasing of cells from G2 arrest. In contrast, loss of 4E-BP1 impaired IR-induced CHK2 phosphorylation at the early stage (2-8 hours) post-irradiation, but a weak enhancement of CHK2 phosphorylation was observed at 12 -24 hours following IR. Thus, it could be attributed to the failure of CHK2 activation that the G2 arrest was not thorough induced at 2 hours post-irradiation. Based on these data, 4E-BP1 might play important role in facilitating the activation of ATM-Chk2 signal or other pathways in response to IR.
4E-BP1 protein stability was associated with PI3K and DNA-PKcs kinase activity
It has been reported that the PI3K-Akt-mTOR signal pathway is mainly responsible for the phosphorylation of 4E-BP1 at Thr37/46 in response to upstream stimuli [29] . To investigate whether PI3K deficiency disrupts IR-induced phosphorylation of 4E-BP1, HepG2 cells were treated with PI3K inhibitor Ly294002 for 2 hours before irradiation and then were harvested at different time post-IR. Interestingly, Ly294002 not only blocked the phosphorylation of 4E-BP1, also markedly reduced 4E-BP1's protein levels ( Figure 4A ). The PI3K-Akt is the upstream pathway of mTOR and also has been shown to confer the activity of DNA-PKcs. To determine the potent mechanism in which PI3K maintains 4E-BP1 protein level, HeLa cells were treated with inhibitors of PI3K (Ly294002), mTOR (rapamycin) and DNA-PKcs (NU7026). As shown in Figure 4B , both Ly294002 and NU7026 inhibited 4E-BP1 proteins expression level in HeLa cells. However, mTOR inhibitor rapamycin suppressed phosphorylation of 4E-BP1, but did not affect the protein level as strict as by Ly294002 and NU7026. We then exposed HeLa cells to protein synthesis inhibitor cycloheximide (CHX) for different times to investigate 4E-BP1 stability. The combined treatment of CHX with eitherLy294002 ( Figure 5A & 5B) or NU7026 ( Figure 5C & 5D ) dramatically reduced 4E-BP1's protein stability. Our and other's studies demonstrated that 4E-BP1 can be degraded through ubiquitin-proteasome pathway. Therefore, HA-tagged 4E-BP1 vectors were transfected into HepG2 cells, the cells were treated with Ly294002 at 24 hours after the transfection. Cells were harvested and cells lysates were immunoprecipitated (IP) using the anti-HA Affinity Matrix. As estimated, PI3K inhibitor increased 4E-BP1 ubiquitination ( Figure 5E ). When the protein degradation was inhibited by MG132, a much more significantly increased level of the ubiquitinated 4E-BP1 was detected. 
Discussion
The hyperphosphorylated form of 4E-BP1 is correlated with the accumulation of mitotic cells and has been reported to be mediated by the cardinal mitotic kinase Cdk1 [13] [14] [15] . Moore's group revealed an association between the phosphorylation of 4E-BP1 at its T37/46 sites and mitotic marker (pH3-Ser10) in single cell level using flow cytometry [15] . Mitotic-specific hyperphosphorylation of 4E-BP1 was abolished by Cdk1 inhibitor RO-3306, but was resistant to mTOR inhibitor, suggesting that Cdk1 might substitute for the translational regulation function of mTOR during mitosis progression [15] . Our previous study demonstrated that another important mitotic kinase Plk1 also directly phosphorylates purified 4E-BP1 protein in vitro. 4E-BP1interacted with Plk1, and phosphorylated 4E-BP1 colocalized with Plk1 at the mitotic spindle apparatus [16] . Plk1 plays central role in facilitating multiple mitotic processes from G2-M transition to final cytokinesis [30] . Consistent with mitotic function of Plk1, loss of 4E-BP1 also disrupted mitotic progression and led to aberrant chromosome segregation [16] . In the present study, we found that 4E-BP1 exhibits hyperphosphorylation in IR-induced G2 phase arrest. mTOR inhibitor rapamycin significantly impaired IR-induced hyperphosphorylation of 4E-BP1, indicating mTOR might be one of the upstream kinases of 4E-BP1 during G2 checkpoint (Figure 4) . The canonical Ser2481 site phosphorylated mTOR has been demonstrated to localize at mitotic spindle during prometaphase and midbody at the cytokinesis stage [31] . However, the exact role of mTOR in G2/M checkpoint warrants further investigation.
The increased phosphorylation of 4E-BP1 in IR-induced G2 arrest indicated its potential function in DNA damage checkpoint. The cell cycle checkpoint kinase Chk2 is the key regulator in the DNA damage induced G2 checkpoint pathway [24, 25] . In response to irradiation, the PI3K-like kinase ATM participates in activation of checkpoint signal through phosphorylating the Chk2's N-terminal T68 site [24, 25] . This phosphorylation event subsequently promotes formation of homodimer and autophosphorylation of Chk2 [24, 25] . Here, we observed that depletion of 4E-BP1 led to an incomplete G2 arrest at the early time (2 hours) post-IR, suggesting 4E-BP1 involves in IR-induced G2 checkpoint maintenance. Consistent with this phenomenon, loss of 4E-BP1 dramatically impairs phosphorylation of Chk2 T68 in early stage after IR exposure (Figure 3) . However, knocking down of 4E-BP1, a weak increase of Chk2 phosphorylation occurred at 12 hours post-IR when 4E-BP1-depleted cells exhibit relative higher levels of mitotic index. Our previous works demonstrated that another DNA damage response kinase DNA-PKcs plays dominant role in phosphorylating Chk2 during mitotic progression and the DNA-PKcs-mediated activated Chk2 in turn phosphorylates other substrates such as Brca1 and γH2AX specifically in mitosis [26, 28] . Based on the observations, it is rational to assume that 4E-BP1 contributes to DNA damage-induced G2 checkpoint via assisting ATM-Chk2 activation but seems to have no effect on mitotic DNA-PKcs-Chk2 signal pathway. In addition to its essential role in regulating multiple processes of cell division, Plk1 is also crucial to restart cell cycle progression after DNA damage induced G2 arrest [32] [33] [34] . Furthermore, Plk1 has been revealed to directly interact and phosphorylate Chk2 protein [35] . Mps1 is another important mitotic kinase which helps to maintain a robust DNA damage checkpoint [36] . The kinase-dead form of Mps1 disrupts IR or UV induced G2/M arrest and impaired Chk2 T68 phosphorylation [36] . The Cdk1-mediated hyperphosphorylation of 4E-BP1 during mitosis is considered to regulate the translation of some important mRNAs in the short time-scale mitosis [37] . Actually, the expression of many mitotic regulators have been increased in G2 phase of the cell cycle [38, 39] . It is still unclear whether the hyperphosphorylation of 4E-BP1 in DNA damage-induced G2 arrest also facilitates these important mitotic or checkpoint related protein translation.
Interestingly, our study showed that Ly294002, a PI3K inhibitor, markedly reduced protein level of 4E-BP1. An earlier report demonstrated the ubiquitination-mediated degradation of 4E-BP1 and this process is regulated by phosphorylation [40] . The PI3K-Akt-mTOR signal pathway plays the major role in phosphorylating 4E-BP1 [4] . However, we didn't find that mTOR inhibitor reduces 4E-BP1 expression as the PI3K inhibitor does. Previous report has shown that inhibition of PI3K by Ly294002 modulated tumor cells radiosensitivity through blocking irradiation-induced phosphorylation of DNA-PKcs [41] . Our present study proves that DNA-PKcs inhibitor NU7026 also accelerated protein degradation rate of 4E-BP1. Our recent study found DNA-PKcs interacts with anaphase-promoting complex/cyclosome (APC/C) core component APC2 [42] . The APC/C complex together with its co-activator Cdc20 and Cdh1 form a functional E3 ubiquitin ligase to target cell cycle proteins' destruction by proteasome pathway. Loss of DNA-PKcs has impact on several mitotic protein degradation, including cyclin B1 [42] , Plk1 [43] and Cdc20 [42] itself. The regulation effects of DNA-PKcs on APC/C complex rely on the kinase activity of DNA-PKcs. It would be interesting to determine whether 4E-BP1 is ubiquitinated by APC/C complex in which DNA-PKcs is involved. PC-1/PrLZ is a prostate specific expressed oncogenic protein and is reported to prevent ubiquitination of 4E-BP1 through direct binding [9] . Interestingly, PC-1/PrLZ also participates in IR-induced G2/M checkpoint [44] .
Accumulating evidence showed that 4E-BP1 is overexpressed in variety of tumors [8] . The prolonged G2 checkpoint is thought to be beneficial to repair the DNA lesion [45] . Therefore, our findings provided new insight of 4E-BP1 in IR-induced cell cycle checkpoint regulation, and further indicated that 4E-BP1 might be a potential radiotherapeutic target.
Conclusion
4E-BP1 is a family member of eIF4E binding proteins (4E-BPs) which act as the suppressors of cap-dependent translation of RNA via competitively associating with cap-bound eIF4E. PI3K kinase activity is necessary for maintaining 4E-BP1 stability. Our results also demonstrated 4E-BP1 a novel biological role of controlling cell cycle G2 checkpoint in responding to IR stress, and which is associated with the regulation of CHK2 phosphorylation.
